racteristic of such heat sinks is to maximize the ability of heat rejection by minimizing volume and mass of the expanded surfaces. For higher heat transfer coefficients and minimum volume, a large surface area per unit volume provides an advantage in such channel geometries. The literature has various studies on thermal and hydrodynamic behaviours of micro-channels used as a cooling system.
A B S T R A C T
I n this study, a heat exchanger system capable of working on tree-shaped three-level parallel and counter flow basis was designed and manufactured based on the branched Fractal like flow channel structure. A similar phylum of heat exchanger on discs onto one surface of the lower and upper plates and both surfaces of middle plate, 156 Branched-micro channels with cylindrical sections were opened in three levels symmetrically with each other at different levels and diameters. According to the parallel and counter flow type based open circuit and closed circuit principle, the fluid enters the system at equal thermal capacity ratios from the axial or radial connection points and discharges. In the open circuit operating conditions, the heating water is in the temperature range of 35-45°C and the flow rate is 2,0-4,0 lt / min. Similarly, in the closed circuit operating conditions, the heating water is in temperature range of 45-60°C and the flow rate is 2,0-4,0 lt/ min. During the experimental work, the temperature and hydrodynamic characteristics of the system are controlled through software written in the MATLAB R2013b package program. Experimental and numerical analyzes were carried out using ANSYS-Fluent ready packet programs. In the analysis, in the increasing flow rate, positions of some external and lateral channels are determined as cause of the decreasing in level of velocity. The result, requirement of designation as the bifurcation geometry divides the mass flow rate equally for each level of branching, is obtained. The results show that increase in level of branches is not important on the fluid channels which includes this kind (fractal) branch channel with tree-shaped. The results also show that, in the branched model heat exchanger, for opened and closed circuits, parallel flow (increasing branching levels, heating unit and cooling unit) is more efficient than the counter flow (increasing branching levels heating unit and decreasing branching level cooling unit) conditions. ) etc. developed models in their studies for estimation of pressure drops and surface temperatures in fractal-like flow channels as well as diameters and lengths of the channels. They analytically and numerically studied thermal performance of a dendritic constructal heat exchanger with small-scale crossflows and larger-scale counter flows.
In their studies, they compared dendritically designed fins of Y-type, T-type and H-type and numerically performed their optimal solutions that minimize their thermal resistances and increase their optimal performances. Dendritic branching-channel heat exchangers are more advantageous in terms of pressure drop when compared to other types of heat exchangers. They can also be manufactured in very small sizes, which is quite important in terms of their usability for advanced technologies such as MEMS.
In this study, a heat exchanger comprised of 3 discs with engraved branch-like cylindrical section channels was designed and manufactured, and thermal and hydrodynamic behaviours of the heat exchanger were experimentally and numerically examined by means of a test mechanism. They conducted an experimental study where pressure drop and flow energy were minimized in the test system. In addition to the experimental study; temperature, rate and pressure distributions were numerically researched through ANSYS packaged software.
MATERIALS AND METHOD

Test System
In this study, schematic drawing of the test mechanism for dendritic branching-channel heat exchanger is given in Fig. 1 . The test zone of the test mechanism for the dendritic branching-channel heat exchanger is comprised of two heating units, two circulation pumps, cross flow cooling radiators, a switchboard, a computer communication unit and measuring equipment. Assembly drawing of the test mechanism equipment is shown in Figure 5. Heating and cooling sides of the dendritic branching-channel heat exchanger, which are main components of the experiment system, have been designed and manufactured to be operated with water.
Since the thermal efficiency is higher, the lower branched plate was used for heating process, while the upper branched plate was used for cooling process. The experiment system was so designed that the heating side can be A great number of scientific studies on micro-channel heat sinks have been carried out by researchers such as Tuckerman and Pease (1981) , Vafai and Lu (1999) Bier et al. (1993) . These researchers carried out thermal and flow analyses with heat exchangers designed in different geometries and with different flows in their studies. They examined optimization of single and double layered counter-flow micro-channel heat sink, and attempted to determine the optimum design parameters by carrying out thermal performance and temperature distribution analyses for micro-channel types that they have designed.
FRACTAL AND CONSTRUCTAL THEORY
In the cooling technology, the systems called fractal channel network, which is a symmetrical geometric structure that appears similar to itself at an infinitely little ratio and has major physical and mathematical characteristics of a non-uniform and fractured flow environment at the largest and smallest scale, have gained importance in theoretical and experimental studies in terms of applied engineering.
Fractal-like channel network is a new structure that can be assimilated to many geometric forms in the nature with its decreasing diameters from large to small. The purpose here is to obtain an appropriate surface temperature distribution without increasing the pressure drop. In the literature, the study regarding two-phase flows in the channel structures developed as similar to above mentioned structures was carried out by Daniels et al (2005) .
As similar to such structures, channels known as constructal structures were also developed for the same purposes. Constructal theory is a physics law which summarizes a phenomenon existing in engineering and the nature. To express more clearly, constructal structure is a complex structure consisting of a large number of elements, and the theory defining this structure is called constructal theory. This theory is based on behaviour of various structures and forms in the nature, which are produced to obtain an optimum performance.
In the literature, most of the studies conducted on this subject are theoretical and number of experimental studies is quite low. With regard to thermodynamic optimization theory of such flow systems; researchers such as Bejan (1996 Bejan ( , 1997 Bejan ( , 2002 Bejan ( , 2007 Both circuits were set with float flowmeters to measure the amount of the fluid. In addition, 2 sleeve-type resistance heaters were used in order to heat the fluid used in the heating side.
It has two electrically operated heaters, each of which is situated into an individual small-volume tank, with the power of 1 kW and 1.5 kW; and the fluid is transmitted into the system after consecutively passing through these two heaters.
The heaters were not controlled by a separate thermostat; instead, they were precisely set through MATLAB software, which allows operation of the test system and receiving the test data, and controlled through contactor groups. The experiment system was controlled and stabilized beforehand through the pre-heating software prepared in MATLAB software package, and tests were started after pre-heating process.
Heat Transfer Process
In this study, the fluid in the heating side (hot water) circulates through the test system on a closed circuit basis and the fluid in the cooling side (cold water) circulates through the system on both open circuit and closed circuit bases. Under the closed circuit operating conditions, the fluid exiting from the test zone as heated is cooled by the radiators, then pressurized by the circulation pump and returned to the test zone. Under the open circuit conditions, the fluid entering the cooling unit is taken from the mains system, and pressure of the mains is used for circulation in the system. The heated fluid exiting from the test zone leaves the system after its temperature is measured. Heat transfer values of the fluids entering into and exiting from the heating and cooling sides during the tests were individually calculated. In calculation, heat transfer values for entry and exit are averaged and the following equation is used,
In this equation, g Q is the heat transfer value for entry into the system and r Q is the heat transfer value for exit from the system. Heat balance of the system is given with the equation below.
The heat loss in the test zone due to radiation is about 5% of the heat received from the fluid entering into the dendritic branching-channel heat exchanger. Since this value can be omitted when compared to the heat transfer value at the fluid inlet, and the equation is rearranged as below;
The heat transfer to the system due to the hot fluid passing through between the lower and middle plates is calculated with the following equation.
( )
In this equation, T 1 temperature is the inlet temperature of the hot fluid entering into the dendritic branchingchannel heat exchanger. T 2 temperature is the outlet temperature of the hot fluid exiting from the collector. The heat transfer from the system due to the cold fluid passing through between the upper and middle plates is calculated with the following equation. 
In this equation, T 3 temperature is the inlet temperature of the cold fluid entering into the heat exchanger. T 4 temperature is the outlet temperature of the cold fluid exiting from the collector. Similarly, the heat loss can be calculated as below,
R.S. Andhare et al. (2016) stated that this thermal difference can be at 10% level; and this ratio was calculated in our studies and given as a diagram in Fig. 17 .
Reynolds (Re) Prandtl (Pr) and Nusselt (Nu) Numbers
In calculation of the flow and the heat transfer, the flow inside a cylindrical section pipe and relevant pure numbers are given with the equations below.
Prandtl number, which is the ratio of momentum diffusion to thermal diffusion in the thermal and hydrodynamic boundary layers, was calculated with the following equation; p c Pr k
In this equation, (ν) is kinematic viscosity, (α) is thermal diffusivity, (c p ) specific heat, and (μ) is dynamic viscosity. Separate Nusselt numbers for fully developed and developing flows are given in the following equation, for a cylindrical section pipe with a diameter of D h , according to (h) heat transfer coefficient and k heat convection coefficient.
In the dendritic branching-channel heat exchanger test mechanism, thermally and hydrodynamically developing laminar flow conditions have been applied to the flow in the heat exchanger up to a flow rate of 4.0 l/min at branching level 0. Thermally and hydrodynamically developing flow conditions have been applied to all ranges of flow rate at branching levels 1 and 2.
Nusselt correlations required for this study depending on the Reynolds number, the flow regime and the thermal conditions are given below.
Branching and Branch Levels Measurement Details
Design specifics of the dendritic branching-channel heat exchanger are given in Fig. 6 . In this type of heat exchangers; N number of branching means number of the branches to be developed by the current channel at the next level, and k branching level means the number of branching points starting from the fluid inlet. For the heat exchanger modelled in this study, N=3 and k=2, i.e. k=0, k=1, k=2. As it is seen in Figure 6 , D 0 , D 1 and D 2 and L 0 , L 1 and L 2 indicate channel diameters and lengths for three different levels from level zero to level two, respectively. As it is shown in Fig. 8 ; starting from the inlet point, the fluid splits into 12 branches at level 0, and then it splits again into 3 at level 1 thus creating 36 branches. At level 3, the fluid splits into 3 again, thus creating 108 branches. The fluid arrives the collecting channel after branching level 2 and leaves the heat exchanger by passing through the 12 discharge points located there.
Technical details of the plates of the dendritic branching-channel heat exchanger are given in Fig. 6, Fig. 7 and Fig. 8 . On the plate, there are 12 branches at level 0, 36 branches at level 1 and 108 branches at level 2. The symmetrical branching spreading on the disc-shaped plate is produced from aluminum material according to the technical details thereof given in Table 2 .
Total area of the branching spreading on the heat exchanger at level N is calculated separately for each level with the following equation. 
Total Heat Transfer Coefficient (U)
Heat is transferred from resistances between fluid-wallfluid due to (
T T − temperature differences. When equal surface areas are considered, total heat transfer coefficient (U) is obtained with the following equation,
U is total heat transfer coefficient, 1/h is convection resistances, and t/k is transfer resistance. Heat transfer values were calculated separately on the basis of mass flows, inlet and outlet temperatures and thermal capacities of both fluids. Heat transfer from hot fluids is found by using the equation below,
Similarly, heat transfer to cold fluid is calculated by using the following equation,
Coefficient for total heat transfer between the hot fluid and the inner surface of the plate is found through the equation below,
In these equations, h Q is heat transfer from the hot fluid, , T is temperature of the heated fluid exiting from the cooling side of the heat exchanger, and top A is total surface area of the branching spreading on the heat exchanger.
Log Mean Temperature Difference (LMTD)
In the thermal analysis of the heat exchanger, the Log Mean Temperature Difference (LMTD) method and the 
For log mean temperature difference in a parallel flow heat exchanger, 1 T ∆ and 2 T ∆ temperature differences at inlet and outlet points are calculated as below,
and
In these equations, , T ∆ temperature differences at inlet and outlet points are calculated as below,
At the same inlet and outlet temperatures of the heat exchanger, log mean temperature difference was found higher in case of counter-flow when compared to parallel flow.
ε -NTU Method
Before defining effectiveness for a heat exchanger, the maximum possible heat transfer value max Q should be calculated for that heat exchanger. In such case, ( , ( )
In these two cases, max Q heat transfer value is given according to the minimum heat capacity C min in the equation below.
In this equation, C min thermal capacity flow rate is accepted equal to the lower one of Cc or C h values. In a heat exchanger, the ratio of the actual heat transfer Q value to the maximum possible heat transfer max Q value is defined as ε effectiveness, and presented with the following equation. Effectiveness ε can also be calculated on the basis of temperature difference and thermal capacities through the equation below.
, ,
In this relation, C min ⁄C max ratio can take C c ⁄C h or C h ⁄C c value, depending on thermal capacity flow rates of the hot and cold fluids. NTU Number of Transfer Unit is equal to the ratio of total heat transfer coefficient and heat transfer surface area to the minimum thermal capacity, and given with the following equation. 
C min =C c since the same result is obtained for; regardless of whether the minimum thermal capacity flow rate of fluid belongs to the hot fluid or the cold fluid, this relation can be applied to any parallel flow heat exchanger. When C r <1, the effectiveness value for counterflow operating conditions is given with the equation below, 
In case that C r =1, effectiveness value is given with the following equation,
In this study, tests were conducted by assuming that flow rates of both fluids are equal; and thermal capacity flow rates of both fluids are equal (C min =C max ).
RESULTS
Thermal Transfer Analysis
In this study, while thermal capacity flow rates of the designed dendritic branching-channel heat exchanger at its upper-middle and lower-middle plates were kept equal, operation at similar fluid inlet temperatures (closed circuit) and operation at distinct fluid inlet temperatures (open circuit) were studied. Performances of parallel flow and counter-flow configurations were compared. In Fig.  9 and Fig. 10 , representative sectional views of the heat exchanger in cases of parallel flow and counter-flow are given. Findings obtained from the tests conducted under operating conditions of the parallel flow closed circuit are given as a diagram in Fig. 11 . In this diagram, change of the heat transfer value (Q) by the volumetric flow rate ( V  ) at different temperatures in case of the parallel flow closed circuit is presented. It is observed that the heat transfer value increases at the same ratio with each increase of temperature. For the values lower than 4 liter/minute volumetric flow rate, laminar flow conditions apply at branching levels 0, 1 and 2 of the dendritic branchingchannel heat exchanger.
For the volumetric flow rate values over 4 liter/minute, it was seen in the calculations that the turbulent flow conditions applies at level 0. When the inlet water temperature When change of the heat transfer values and the volumetric flow rates are compared between the parallel flow closed circuit given in Fig. 11 and the counter-flow closed circuit given in Fig. 12 , it is seen that the heat transfer value is higher for the parallel flow at the same volumetric flow rate. Flow conditions occurring toward increasing branching levels also increase the amount of the transferred heat while increasing pressure losses. In the computer-aided study carried out under this research, it was seen that the outlet temperature values obtained for both sides as a result of the analyses performed through ANSYS-Fluent software package were approximately equal to the outlet temperature value of the fluid exiting from the system in the tests.
In the diagrams in Fig. 13 and Fig. 14 
Pressure Losses
In order to find the pressure losses for increasing and decreasing levels of branching of the dendritic branching-channel heat exchanger, pressure losses were measured at flow rates between 2.0-9.0 l/min. For measuring purpose, pressure transmitters situated at fluid inlet and collector outlet points of the dendritic branching-channel heat exchanger were used.
As it is seen in Fig. 16 , Reynolds number in the heat exc- As it is seen in the diagram, the pressure losses towards increasing branching levels are higher than those towards decreasing branching levels in case of the laminar flow. It is seen that a transient flow occurs after 4.0 l/min value at branching level 0 and the pressure and its losses are almost equal for the flows toward both ways. At other branching levels, the flow is laminar for both flow conditions. At branching levels 1 and 2, the flow rate decreased further. This result indicates that further branching is not important in the flow channels with such dendritic branching (fractal) channel structure. This situation shows that, in terms of shedding light on the limited number of studies carried out on this subject, and experimental result in this study is consistent with the theoretical and experimental results in the literature.
Log Mean Temperature Differences
In order to be able to experimentally calculate the total heat transfer coefficient ( U ) in a heat exchanger, the log mean temperature (ΔTLM) difference method is used. In the experiments carried out for the dendritic branching- channel heat exchanger, changes between the volumetric flow rates and the log mean temperature differences for different operating conditions and different situations are separately presented in the diagrams in Fig. 17-20 . When Fig. 17 and Fig. 18 are compared, the log mean temperature difference is higher in the parallel flow closed circuit when compared to the counter-flow closed circuit.
Change of Nusselt-Reynolds Numbers
The change of the Nusselt numbers calculated for the heating and cooling sides at a maximum heating water inlet temperature of 65°C under the operating conditions of the parallel flow closed circuit by the Reynolds number is given in Fig. 21 . According to the Nu relation given above, change of the Nusselt numbers for laminar flow at level 1 ad 2 of the dendritic branching-channel heat exchanger by the Reynolds number under the operating conditions of parallel flow closed circuit was calculated. Change of the Nusselt number and the Reynolds numbers at level 0 is not shown in the diagram because the flow becomes turbulent flow for the values over 4.0 l/min.
In Fig. 22 , Change of the Nusselt numbers calculated for the heating and cooling units at a maximum heating water inlet temperature of 65°C under the operating conditions of the counter-flow closed circuit by the Reynolds number is given. As it is seen in all of the three diagrams, the Nusselt numbers increased as the Reynold number increased. 
Change of Total Heat Transfer Coefficient (U)
In the dendritic branching-channel heat exchanger, flow in each channel thermally and hydrodynamically redevelops at each branching level, and the boundary layer forms again for each level. Channel lengths being too short which do not allow the flow to fully develop thermally and hydrodynamically, and this causes an increase in h heat convection coefficient thus causing an increase in the total heat transfer coefficient.
In Fig. 23-26 , change of the total heat transfer coefficient U (W⁄m 2 .K) by the volumetric flow rate ( ) V  for the parallel flow and counterflow operating conditions in open and closed circuits. It is seen in the diagrams given for the parallel flow and counterflow operations in the closed circuit that as the volumetric flow rate increases, the total heat transfer coefficient increases as well. Geometry of the dendritic branching-channel heat exchanger, increasing plate section towards increasing branching level, further occur- Figure 17 . Change of the log mean temperature difference by the volumetric flow rate between the heating and cooling units in the parallel flow closed circuit Figure 18 . Change of the log mean temperature difference by the volumetric flow rate between the heating and cooling sides in the counterflow closed circuit rence of swirling flows, and also occurrence of jet flow at both points under the parallel flow conditions at the point where the distribution reservoirs are located cause the heat transfer coefficient to be found higher in case of parallel flow.
It is seen in the diagrams that the total heat transfer coefficient takes similar values depending on the temperature at a heating water inlet temperature of 45°C and a volumetric flow rate ranging between 2.0-4.0 l/min under the same operating conditions of the open circuit and closed circuit during the tests. Likewise, it is seen as a result of the tests that the most effective variable for change of the total heat transfer coefficient is the volumetric flow rate and the temperature range does not have a significant impact. It is a known fact that changing the inlet temperature of the heating unit of the heat exchanger would cause a change in the physical characteristics of the heating fluid. However, as a result of the test data it is not as effective as the volumetric flow rate value. It can be said according to the following four 
Impact Analysis of Thermal Capacity Rates
In order to evaluate theoreticaland experimental research and compare the impacts of thermal capacity rates on effectiveness, tests were carried out for the thermal capacity rates of Cr=1, Cr=0.25 and Cr=0.125 and a fluid inlet temperature of 65°C in the heating unit.
For a thermal capacity rate of Cr=1, fluid flow rates of the heating and cooling fluids are equal while entering into the system. For a thermal capacity value of Cr=0.25, while the heating fluid ranges between 4.00 l/min -8.00 l/min, the cooling fluid ranges between 1.00 l/min -2.00 l/min. For a thermal capacity value of Cr=0.125, the heating fluid has a value of 8.00 l/min and the cooling fluid has a value of 1.00 l/min. Increasing the heating fluid inlet flow rate causes an increase in the mean temperature of the heated part of the middle plate and a further heat transfer to the fluid in the Fig. 27 , results of the test, which shows the impacts of thermal capacity rates on effectiveness, are presented. As it is seen in the diagram, according to the ε-NTU method for different Cr values, it ranges between ε=0.24-0.58, NTU=0. 3-0.81 . In addition, a theoretical and experimental comparison was made according to the ε-NTU method for different Cr values, and it was seen that both experimental and theoretical results are consistent with the literature. As a result of the conducted tests, it was concluded that increasing the thermal capacity rates causes an increase in effectiveness (ε).
ANSYS-FLUENT ANALYSES
In this study, the designed dendritic branching-channel heat exchanger was geometrically modelled in Solid Works and numerically analyzed in ANSYS-Fluent 16.0 software package. While laminar model was applied in the tests up to a fluid flow rate of 4.0 l/min, k-ε turbulence model was applied in a higher flow rate than 4.0 l/min; and they were thermally analysed by solving the energy and Navier-Stokes equations. Upon the designed dendritic branching-channel heat exchanger; Impacts of Temperature Change, ii) Impacts of Flow Rate Change, iii) Impacts of Operation Regime Change were examined in ANSYS-FLUENT.
It was seen that results obtained from the analyses performed by using ANSYS-FLUENT software was consistent with the test results. It was seen in the performed analyses that, in accordance with the constructal theory, flow rate of the fluid in sub-branches other than branching level zero (k=0) was lower when compared to the pipes which are coaxial with branching level zero. It was observed that this situation caused a lower flow rate in sub-branches from branching level one (k=1) and also further decrease of the rate since branching level two (k=2) was affected by branching level one.
CONCLUSION
In dendritic branching-channel heat exchangers, it is possible to achieve higher Nusselt numbers and to increase the heat transfer rate by carefully calculating channel sections, channel geometries and channel dimensions. Hydrodynamical and thermal re-development of the Nusselt number and heat transfer value in each channel and at each branching level is an important characteristic of this geometry. In Fig. 11-14 , change of the heat transfer for parallel flow and counter-flow in the open and closed circuits by the volumetric flow rate was given, and it was observed that the heat transfer value increased with increasing volumetric flow rate.
In Fig. 15 , change of the ratio of the heat transfer value to the inflowing heat by the volumetric flow rate is given, and since the mean temperature of the test zone in the experiment system was lower in the open circuit, it was determined that this ratio was higher in the open circuit. Figure 27 . Impacts of the thermal capacity rates on effectiveness
In Fig. 16 , change of the pressure losses towards increasing and decreasing branching levels by the volumetric flow rate and the Reynolds numbers in the branches is presented, and it is seen that pressure losses increase with increasing volumetric flow rates and Reynolds numbers in the branches. This result indicates that an increase in branching level is not important in the flow channels with such dendritic branching (fractal) channel structure.
In the diagrams in Fig. 17-20 , change of the log mean temperature difference by the volumetric flow rate for parallel flow and counter-flow operation in open and closed circuits is given. In case of the closed circuit, the log mean temperature difference gradually decreases in both flow regimes as the volumetric flow rate increases. In case of the open circuit, the log mean temperature difference gradually increases in both flow regimes as the volumetric flow rate In the diagrams in Fig. 21-22 , changes of Nu-Re numbers for different inlet temperatures in the heating side under parallel flow and counterflow operating conditions in closed and open circuits at different levels. As it is seen in the diagrams, Nusselt numbers increase with increasing Reynolds numbers, depending on branching levels at varying flow rates and temperatures. Likewise, it is graphically showed that a greater increase is seen in the Nusselt number at branching level one. The volumetric flow rate increasing in the heating and cooling sides caused the Nusselt number to increase in a decelerating manner; and thus, it caused the heat convection coefficient, and therefore the heat transfer Since the tests were carried out under Cr=1 conditions of the dendritic branching-channel heat exchanger, volumetric flow rates for the fluids circulating in both units are equal. At a thermal capacity flow rate of Cr=1, it was seen that the maximum effectiveness coefficient value is at ε=0.30 level. When the thermal capacity flow rates were changed to Cr=0.125 level, it was seen that ε=0.58 and NTU=0.81 in case of counterflow operation. In the diagram in Figure 27 , the increased inlet flow rate of the heating fluid increased the mean temperature on the plate and this caused the effectiveness coefficient to rise.
Changes of rate and temperature were analyzed for different flow rate and temperature values in ANSYS, and the results are given as diagrams in Fig. 31-35 . 
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